Clavulanic acid is a -lactam antibiotic which has a potent -lactamase inhibiting activity. In order to optimize its production by the new isolate Streptomyces DAUFPE 3060, the influence of two independent variables, temperature and soybean flour concentration, on clavulanic acid and biomass concentrations was demonstrating the validity of the mathematical approach adopted in this study.
INTRODUCTION
Clavulanic acid (CA) is a -lactamase inhibitor that is administered in combination with penicillin group antibiotics to overcome certain types of antibiotic resistance. Despite sharing the -lactam ring typical of penicillins, CA has low intrinsic antimicrobial activity. However, such a similarity in chemical structure allows it acting as a competitive inhibitor of -lactamases secreted by certain bacteria to confer resistance to -lactam antibiotics (30) . The combined action as -lactamase inhibitor and antibacterial agent makes CA very important both clinically and economically (21) . Nowadays, the -lactam antibiotics, particularly penicillins and cephalosporins, represent the world's major biotechnology products, with around 65 % of the total world market of antibiotics (10) .
Streptomyces is the largest antibiotic-producing genus in the discovered microbial world. Species belonging to this genus still remain an important source of antibiotics. In recent years, screening of natural products, particularly microbial products, has fallen out. Nevertheless, it is becoming increasingly apparent that 99 % of the diverse bacterial species is still unexplored (10, 28, 37) . Thus, the discovery of new Streptomyces species is a challenge for the improvement of CA production.
However, closer inspection of metabolite production patterns among other producers of CA, clavams and cephamycin C suggests that a strong selective pressure, rather than mere chance, has created actinomycetes that coproduce CA and a -lactam antibiotic such as cephamycin C. Among these, several strains of Streptomyces clavuligerus,
Streptomyces jumonjinensis, Streptomyces katsurahamanus,
and an unclassified Streptomyces sp. are reported to produce CA (15) .
The productivity of microbial metabolites is, in general, closely related to the fermentation process (6, 12, 18) . In order to reduce the costs of a bioprocess, it is necessary to develop strains with increased productivity, use inexpensive raw materials, improve filtration properties, perform the process under favorable conditions (30) , thus requiring its optimization.
Most of previous studies on CA were devoted to the improvement of its production by S. clavuligerus (36) , for which a final CA concentration of even 1384 mg/L has recently been reported (31) .
However, there are only a few works that deal with high CA producing mutants of this species or other Streptomyces species (17, 19) as well as process optimization by statistical design (35) .
Statistical design of experiments is a widely used tool for process optimization and control. By a factorial design, the significant factors and their effects can be studied using only a few experiments, thus saving time and reducing the operating costs (4). Response surface methodology (RSM), originally described by Box and Wilson (3) , enables evaluation of the effects of many factors and their interactions on response variables. The main advantage of RSM is the reduced number of experimental runs needed to provide sufficient information for statistically acceptable results (9) . Therefore, it is less laborious and time-consuming compared to full-factorial experimentation (32) .
Aiming at reducing the cost of the process, a new good producer (Streptomyces DAUFPE 3060) is proposed in this study for the production of CA, using a minimal medium composed only of soybean flour and glycerol. In previous study, the influence of the most important process variables on CA production by this strain was screened using a 2 fractional factorial design, and temperature and soybean flour concentration resulted to be the most significant ones (34) .
Although the new isolate was not yet characterized, its high performance in CA production with respect to common S.
clavuligerus strains constituted the main novelty of that study.
On the basis of this ground, a 2 2 central composite design combined with RSM was used in this work to select the best values of these two variables able to optimize CA production by the same strain.
MATERIALS AND METHODS

Reagents
Potassium clavulanate from Streptomyces clavuligerus was Clavulanic acid production by Streptomyces used to obtain the calibration curve needed to determine CA concentration. The imidazole used in the CA determination was provided by Sigma Aldrich (São Paulo, São Paulo, Brazil).
The salts, glycerol, bacto-peptone, malt extract, and yeast extract used to prepare the media were analytical grade reagents.
Microorganism
The Streptomyces spp. DAUFPE 3060 strain was kindly 
Analytical methods
The fermentation broth was centrifuged at 5500 x g for 20 min at 4 °C, and the cell pellet was washed twice with distilled water and dried to constant weight at 80 °C. The CA concentration in the fermented broth was determined spectrophotometrically by its reaction with imidazole (2). For this purpose, the increase in the optical density at 311 nm consequent to the formation of the product [1-(8-hydroxy-6-oxo-4-azooct-2-enol)-imidazole] was determined using a spectrophotometer Ultrospec 3000 pro UV/Visible (GE Healthcare, Life Sciences, Uppsala, Sweden). Glycerol concentration was determined according to Hae Bok and Demain (13) . All the analyses were performed in triplicate.
Experimental design and data analysis
In order to quantify the influence of the selected independent variables, specifically soybean flour concentration (v 1 ) and temperature (v 2 ), on the responses (concentrations of CA and biomass), a 2 2 central composite design with threecoded levels leading to 14 experiments was used, which contained a factorial or fractional factorial matrix with center Clavulanic acid production by Streptomyces points and star points to allow estimation of the curvature (7).
The range and levels of the variables investigated in this study are given in Table 1 . Six tests at the central point were performed to estimate the pure error needed for the analysis of variance, to examine the presence of curvature in the response surface, and to investigate the suitability of the proposed models.
The concentrations of CA and biomass were determined (20) .
RESULTS AND DISCUSSION
Experimental design and optimization by RSM
The results of a first attempt to point out the main variables influencing the CA production by Streptomyces spp.
DAUFPE 3060 were already discussed in previous work (34) .
For this purpose, the effects of temperature, agitation intensity, pH, glycerol and soybean flour (SF) concentrations were investigated using a 2 5-2 fractional factorial design. The regression analysis showed that both SF concentration and temperature were significant for CA production at probability levels of 95 and 97%, respectively, thereby proving the mostly influencing independent variables. However, the simultaneous variations of five variables in that effort did not enable us to predict their optimum levels, but only suggested ranges of temperature and SF concentration within which subsequent optimization should be focused. This is the objective of the present optimization work.
The main results obtained by Streptomyces DAUFPE 3060 fermentations according to the 2 2 central composite design selected for this study are listed in Table 2 . Experiments were planned so as to obtain quadratic models able to describe the CA and biomass concentrations as simultaneous functions of temperature and SF levels.
The maximum CA production (629 mg/L) was achieved at 32 °C and SF = 40 g/L (run 4). Similarly, the maximum biomass concentration (3.9 g/L) was observed at SF = 50 g/L and 30 °C (run 6). Relationship between CA production and biomass growth
As expected by the above trends, an almost linear relationship seems to hold between CA and biomass levels 150 rpm; pH 6.0. Clavulanic acid production by Streptomyces Similar CA production simultaneous to growth, achievement of maximum CA concentration and subsequent quick degradation were observed by several authors (8, 23, 26) .
In agreement with these findings, Lynch and Yang (21) observed that the rate of CA degradation during fermentation was comparable to that of its production and proposed that the degradation products could have been used by the microorganism for further production of the antibiotic. It was proposed that such degradation could be the result of the action of metabolites or enzymes produced by the strain (16), of compounds in the culture medium such as amino acids and inorganic materials (27) or of the autolysis resulting from the rising pH, microbial decomposition, and re-metabolization (14) .
CONCLUSIONS
These results on the whole suggest that a rigorous control of the residence time would be a fundamental requisite in scaling-up an industrial process for continuous clavulanic acid production by the new isolate Streptomyces DAUFPE 3060.
The next effort in this direction will deal with the attempt to carry out this process in a bench-scale fermenter.
ACKNOWLEDGEMENT
